Abstract: We consider the pair production process γγ → H 1 H 2 where H 1 and H 2 are either mesons or baryons. We aim to obtain a semi-quantitative understanding of the anomalous behaviour found experimentally for such quantities as the γγ → K S K S cross section measured at Belle and its unexpectedly small ratio against the K + K − cross section. When considering short-distance dynamics, we argue that the difference for these two channels is predominantly due to the s-channel iso-vector component. We adopt the VMD (vector-meson-dominance) approach to relate this with the ρω → a subprocess. The ratio of the two cross sections is enhanced by the suppression of the φ component, and is hence constrained. We give similar constraints for a number of other hadron pair production channels. We discuss the nature of the dynamics based on short-distance and long-distance contributions. We use Regge-theory or Veneziano-model to describe the long-distance amplitude and a simple function to describe the short-distance amplitude. The direct summation of the two contributions reproduces some salient features of the K + K − and pp data.
Introduction
We consider the exclusive pair production process γγ → H 1 H 2 where H 1 and H 2 are either mesons or baryons. We consider the energy region not very far from the threshold, for example the centre-of-mass energy W γγ < 4 GeV.
The recent large-statistics measurement of these processes at B-factories, in particular at Belle [1, 2] , has highlighted the difficulty of the purely perturbative approach to understanding the physics behind photoproduction. To give one example, we have the naive quark-counting rule, dσ dt
where K is the number of 'elementary' fields taking part in the interaction. For instance, K = 1 + 1 + 2 + 2 = 6 for γγ → ππ. s and t are the usual Mandelstam variables. After integration over a constant cos θ * interval where θ * is the polar angle of scattering in the centre-of-mass frame, we obtain:
σ ∝ 1/s 3 (mesons), 1/s 5 (baryons). (1.2) This scaling is expected to hold when the hard-subprocess is predominantly perturbative. As seen in fig. 1 , this rule fails for γγ → pp [1, 3, 4, 5] in the measured energy range. It seems to work for γγ → K + K − [2, 6, 7] above W γγ ≈ 2.4 GeV but, disturbingly, fails for γγ → K S K S [8] in the measured energy range of up to W γγ ≈ 4 GeV. The latter cross Figure 1: γγ → pp cross section [1] versus centre-of-mass energy at VENUS [3] , CLEO [4] and Belle [1] in the central region, defined by | cos θ * | < 0.6. The vertical error-bars on the Belle data are due to the statistical error in the event and the Monte Carlo samples only. Experimental data is compared against three theoretical calculations, as described in ref. [1] . Figure reproduced with kind permission of the authors of ref. [1] . section drops faster with W γγ , and the large ratio between the two cross sections is difficult to explain in the perturbative approach.
Our objective in this paper is to find a semi-quantitative picture that applies to all cases and, at sufficiently large W γγ , can be used to explain or predict the ratios between various cross sections.
As a starting-point, let us consider the VMD (vector-meson-dominance) approach. Since the photon in this picture is now a quark-antiquark object, the exponent K in eqn. We should emphasize at this point that the applicability of the quark-counting rule to the VMD picture should not be taken as granted. However, it is interesting to note that for central events, defined by | cos θ * | < 0.6, the cross sections measured at Belle for γγ → K S K S [8] and pp [1] are found to go as ∼ W −8∼12 γγ and ∼ W −12∼15 γγ respectively, for some regions of W γγ away from the resonance region. This matching with eqn. (1.3) is surprising, but it may arguably be related to semi-local duality.
Encouraged by this finding, we go on to consider the factorization of the scattering amplitude into the production part and the decay part. The production subprocess is dominated, in case of ideal mixing between ω and φ, by: In the above, f ud stands for the (uū + dd)/ √ 2 state. In reality, f ud and f s mix to give the physical f and f ′ mesons. We are not necessarily adopting the s-channel resonance picture in the above, since f and a are, for now, merely a label of the s-channel flavour structure. This is illustrated in fig. 2 . We are considering diagrams (a) and (b) of fig. 2 and are neglecting the 4-quark intermediate state of diagram (c). We shall argue later that this is acceptable for meson-pair production but not for baryon-pair production. This approximation is equivalent to choosing the 'handbag', as opposed to the 'cat-ear', contribution in, for example, ref. [9] .
We have also neglected the OZI-suppressed channels such as ρ 0 φ → f . The decay part can be expressed similarly.
We see immediately that any difference between the K + K − and
cross sections must be due to the simultaneous presence of the iso-scalar f /f ′ and iso-vector a = (uū − dd)/ √ 2 components. It is also not difficult to see that the large ratio between K + K − and K S K S processes can be increased by the possible suppression of the φφ → f s subprocess.
In the first part of this paper, we concretize the above discussion by the explicit calculation of the relevant Clebsch-Gordan coefficients for kaons and for other mesons and baryons.
We then argue that the trend seen in the K S K S cross section can be considered as being due to the gradual domination of the central cross section by the 'perturbative' scattering component, the forward region being determined by Regge-like [11, 12] dynamics.
We present a model for KK cross section based on the direct summation of a shortdistance and long-distance amplitudes. The two have comparable magnitude at low energy, and non-trivial interference between the two amplitudes gives rise to the complicated structure present in the K + K − cross section. This is due to the phase of the long-distance contribution, which rotates with respect to the constant short-distance phase. However, the angular distribution is not reproduced correctly.
For the case of the pp cross section, the long-distance contribution is dominant at low energy. The direct summation of the short-distance and long-distance amplitudes gives rise to a satisfactory phenomenological description of the pp cross section over a broad region of the phase space.
The paper is organized as follows. We present the SU (3) analysis in sec. 2. We discuss the dynamical picture in sec. 3. The conclusions are stated at the end.
SU(3) analysis
We decompose the 2 → 2 amplitudes into the s-channel production part and the decay part, so that, for example, the s-channel scalar part of the amplitudes are given by:
g are given by the SU (3) flavour Clebsch-Gordan coefficients, whereas the dynamics is contained in the function F (S). γ V are the photon-V coupling constants satisfying:
We shall adopt the ratio 3 : 1 for the ρ 0 and ω couplings later on, but modify the φ coupling by a suppression factor √ δ.
Production subprocess
u, d and s quarks are organized into a flavour triplet structure as:
Mesons are in 3 ⊗ 3 * and baryons are in 3 ⊗ 3 ⊗ 3.
We define the nonet 1 − , 0 − , and 0 + mesons by V a b , P a b , and S a b , respectively. These are constructed explicitly as:
We have defined the ω − φ mixing angle θ V in the above. For ideal mixing, θ V = 0. The Clebsch-Gordan coefficients for the production subprocesses of eqns. (1.4)-(1.6) are calculated by the contribution of the diagonal, a = b = c, part of the quantity:
This particular notation implies spin-0 state in the s-channel, but the structure of the expression is general to any even-spin positive parity states. The f − f ′ mixing angle θ S is defined by:
10)
For later use, we similarly define θ P that describes η − η ′ mixing. The Clebsch-Gordan coefficients can now be calculated, and these are listed in tab. 1. We show the general case as well as the two cases of 'ideal mixing', corresponding to θ V = 0 and to θ V = θ S = 0. In reality, θ V = 0 is a good approximation, although θ S = 0 is doubtful for the low-lying resonances. The terms that vanish in the ideal mixing case are OZI-suppressed.
As mentioned earlier, the notation above corresponds to the production of 0 + mesons, but the form of the expressions is general to the higher spin f, f ′ , and a states.
One consequence of the OZI suppression noted above is that when we consider the full production process, namely γγ → V 1 V 2 with the vector mesons in the final state, the channels which necessarily involve OZI-suppressed interaction are suppressed, so that we vertex general mixing Table 1 : The V V S coupling coefficients. The overall symmetry factor 2 has been suppressed. The vertexes not listed here are forbidden by isospin conservation, so that we have:
We list the general case as well as the 'ideal mixing' case corresponding to θ V = 0 and to θ V = θ S = 0. expect:
(2.12) The reasoning goes as follows. Let us first emphasize that this is for the entire s-channel production process. In the ideal mixing case, ρ 0 ρ 0 and ωω both come from f decay with equal strength, so that ρ 0 ρ 0 and ωω should be approximately equal. ρ 0 ω can come from a, but a production is slightly smaller than f because of the ratio of ρ 0 and ω contents of the photon. φφ is suppressed because f ′ is less abundant than f .
A measurement of γγ * → ρ 0 ρ 0 is available in ref. [10] . This case involves one off-shell photon, and purely perturbative approaches should be more appropriate.
Meson pair production
We now turn to the decay subprocess. Let us first consider the production of pseudo-scalar mesons. These are in the nonet representation of eqn. (2.6).
The relevant coefficients can be obtained by the diagonal, a = b, part of:
We list them in tab. 2. Again, those modes that are OZI suppressed are accompanied by factor sin θ S or sin θ P . However, since θ P is now considerably large, ≈ −39 degrees [13] , the suppression factor is only moderate. θ S is also considerably large for the spin-0 bosons [14] although possibly not for the higher-spin excitations of a, f and f ′ .
We see that, after including the identical particle factor of 1/2 for the π 0 π 0 cross section:
final state
+ cos 2 θ P cos θ S Table 2 : The SP P coupling coefficients.
regardless of the mixing angles or production dynamics. We also see that the channels: 15) can only proceed via s-channel iso-vector a, so that the observation of these processes would be interesting to confirm the presence of the iso-vector channel. The magnitude of these channels are related to the difference of the kaon amplitudes, i.e.:
In particular, when the K + K − cross section dominates over K 0 K 0 , and when W γγ is sufficiently above the π 0 η ′ threshold, we obtain:
This should be tested experimentally. However, we shall show later that the ratio between the K + K − and K 0 K 0 amplitudes is expected to be at most 4, and hence omitting the K 0 K 0 amplitude contribution is not a good approximation. We can adopt an assumption that the two cross sections only differ by a real constant factor, and consider the scaling of the cross section by:
Similarly, for the sum of the K + K − and K 0 K 0 amplitudes, we find that:
However, this equality would be difficult to test experimentally, unless it is found, for instance, that ηη dominates over η ′ η ′ when sufficiently above the threshold. In this case, the relation would reduce to:
Again, we can adjust for the error in neglecting the sub-leading amplitudes by a scaling similar to eqn. (2.18) but with the minus sign in the brackets replaced by a plus sign. The above argument holds regardless of the production subprocess V V → S. Let us now consider the inclusion of the production subprocess. This is obtained by referring to eqn. (2.1). We adopt ideal mixing for the vector mesons so that θ V = 0. The result, for γγ → K + K − , K 0 K 0 , π + π − , and π 0 π 0 are:
As mentioned below eqn. (2.2), δ is the suppression of the φ coupling to the photon. The above expressions simplify in the case of ideal mixing, θ S = 0. As mentioned earlier, this becomes acceptable for the higher-spin excitations of f, a, and f ′ . We then have:
We can simplify further by the approximation F (f 0 ) = F ( a 0 ) and absorbing the difference between F (f ′ 0 ) and F (f 0 ) in the coefficient δ. We obtain, at the amplitude level:
In particular, for the ratio of the γγ → K + K − and K S K S cross sections, we have:
The conventional charge-counting argument [9] corresponds to δ = 1 and therefore gives 25/2. On the other hand, the complete suppression of f ′ gives rise to 32. Since physically we expect δ to be positive definite, we obtain the following inequality:
The upper limit of this equation seems to be satisfied by the currently available data [8] , within the statistical errors. The lower limit seems to be violated at lower energies [8] .
One possible reason is that there is dominant contribution from f ′ , but another possible reason is that, as we shall argue later, long-distance interaction tends to respect isospin invariance, and so the a coupling is suppressed. Another quantity that may be interesting is the ratio of the K + K − and π + π − cross sections. We obtain:
We therefore expect that sufficiently above the threshold, the K + K − cross section is smaller than the π + π − cross section by up to a factor of 16/25. The δ obtained by the comparison of these cross sections should be approximately the same as the δ obtained by the comparison of the K + K − and K S K S in the same kinematic range, i.e., the same W γγ and cos θ * intervals. This should be tested experimentally.
Baryon pair production
Baryons belong to the 3 ⊗ 3 ⊗ 3 representation, which is decomposed as:
Out of these, phenomenologically the most relevant are the 1/2 + baryons in the octet representation. The subscripts MS and MA stand for mixed symmetric and mixed antisymmetric, respectively. We write them as:
34)
Curly brackets in the subscript represent the symmetric sum and square brackets represent the antisymmetric sum, so that:
Furthermore, B [a,b]c also satisfy the Jacobi identity:
The symmetric and antisymmetric representations contain the same physical states, and they are related by:
where ǫ acd is the Levi-Civita tensor with the convention ǫ 123 = 1. B a b is the octet matrix. We first write down the content of B [a,b]c explicitly:
The octet matrix B a b is then:
There are three possibilities for evaluating the baryon-baryon-meson SBB coupling. We can work in terms of
Here we adopt the following notation:
α and β are adjustable parameters satisfying [15] :
This relation comes from the approximate flavour SU (3) symmetry for baryon-meson strong coupling constants. On the other hand, for the naive charge-counting argument to work, we need to impose α = β.
We can now tabulate the relevant coupling constants in terms of α and β, and these are listed in tab. 3. We can consider forming equalities similar to eqns. (2.16) and (2.19) . In particular, we can make use of the ratios of a 0 couplings:
but unfortunately these will be difficult to verify experimentally. This is partly because some final states, for example nn, are difficult to measure, and partly because we do not expect in any of the pairs of reactions above that either of the two amplitudes would become sufficiently dominant over the other that the other can be neglected. It hence becomes more important to make an order-of-magnitude estimate analogous to eqn. (2.29). For example, the pp amplitude is given, for θ V = 0, by:
As before, by taking θ S = 0, F (f 0 ) = F (a 0 ) and absorbing the difference between F (f 0 ) and F (f ′ 0 ) into the coefficient δ, we arrive at:
We repeat the same exercise for the other production modes and obtain results listed in tab. 4
.93 6.93 Table 4 : The limiting behaviour of γγ → BB amplitudes.
The ratios of cross sections sufficiently above the threshold region are given by the square of the coefficients listed in tab. 4, so that, for instance:
This quantity comes out to be between ∼ 2.4 and ∼ 2.7 for α = 5β and 0 < δ < 1. The measurement of the Ξ 0 Ξ 0 , or Ξ − Ξ − , cross section would be particularly interesting because of the sensitivity to δ. From the discussion of pseudo-scalar meson pair production, we expect that δ is small, so that this cross section should be suppressed by factor ∼ (50/8) 2 ∼ 40 compared to the pp cross section.
Dynamical picture
In this section, we discuss possible dynamical description of the hadron-pair photoproduction process. We first discuss the modification to perturbative dynamics due to VMD in sec. 3.1. We then discuss the long-distance dynamics in terms of Regge theory [11, 12] and the Veneziano model [18] in sec. 3.2. We argue that the overall process can be described as a sum of short-distance, in general isospin-violating, perturbative contribution and longdistance, more isospin-conserving, Regge/Veneziano contribution up to a double-counting which, in principle but not in this work, needs to be taken care of.
Charge-and quark-counting argument
The preceding discussion illustrates the possibility that the naive charge-counting argument may fail for photoproduction. This is, for the case of mesons, because of the possible suppression of the strange quark contribution. For baryons, the reason is more involved, though there is a limiting case, α = β and δ = 1, where the naive charge-counting argument is recovered.
For the ratio of K + K − to K S K S cross sections, we derived eqn. (2.30), from which we conclude that the K S K S cross section is suppressed by a factor of at most 32 compared with the K + K − cross section. The naive charge-counting argument gives 12.5.
It is interesting to see that the experimental data [8] supports a large ratio, close to but possibly even greater than 32, at W γγ = 4 GeV. The ratio is smaller at lower W γγ . This is counter-intuitive, since we normally expect that the naive perturbative approach should work better at higher energies.
That this is not so is suggesting that the problem might be in the presence of two scales. The first scale is the scattering energy scale, near W γγ . The second scale is the photon virtuality, which is small and is of order of the hadronic scale. If the photon behaves like a mixture of vector mesons, then the near exclusion of the strangeness contribution can be associated with f ′ suppression.
Furthermore, the identification of the photon with a mesonic system, seemingly, allows us to modify the quark-counting argument for the scaling of the cross section. Instead of the σ ∝ W −6 γγ behaviour of eqn. There is one phenomenological problem with this quark-counting argument, and that is the difference in the behaviour of the K + K − and K S K S cross sections. We cannot argue that the W −10 γγ behaviour persists up to the point where the purely perturbative W −6 γγ behaviour becomes more dominant, since this would imply that in the high-energy limit, the ratio of cross sections should be given by the naive charge-counting argument. This is not observed in reality.
We hence believe that this is not the complete picture of the physics involved in hadron pair photoproduction. This can be confirmed simply by measuring the γγ → K S K S angular distribution. Our adopting the quark-counting argument implies that the scattering dynamics is dominantly perturbative. In this case, the angular distribution would behave as:
The constants c 1 and c 2 satisfy 0 < c 1,2 < 1 and are, in general, functions of M 2 /s where M 2 is the relevant mass scale. On the other hand, in the picture that we will now discuss, the cross section should rise more rapidly in the forward region. This picture is based on the inclusion of both short-distance, perturbative, and longdistance, Regge/Veneziano dynamics. As a first approximation, we make a direct summation of these two contributions without dealing with the double-counting problem. This is expected to be permissible if the two amplitudes populate different regions of the phasespace. Although this is not expected to be a good approximation for meson-pair production, it nevertheless produces meaningful results, as we shall see later.
Having said that, we cannot ignore the fact that both in γγ → K S K S to γγ → pp measurements, behaviour similar to eqn. (1.3) is observed. If this trend is confirmed for other pair-production channels, it would be tempting to justify it in terms of semi-local duality. This is to say, the short-distance and long-distance contributions add in such a way when integrated over a finite region of the phase space, in particular of cos θ * , that the result resembles the modified quark-counting rule.
Long-distance contribution
In a previous work [17] , we have argued that Regge theory and Veneziano model provides a way to understand the behaviour of hadron-pair photoproduction both near the threshold and in the forward region above the threshold. For γγ → pp, although W γγ is too small to expect Regge theory to be a good approximation, we found that the qualitative features of the Regge amplitudes match with the experimental results. We argued that this is because Regge theory gives an approximation to the low-energy resonance dynamics by semi-local duality [19] . On the other hand, in γγ → K + K − , the resonances are still seen and so Regge theory becomes a poor approximation, and in this case the Veneziano model becomes an alternative candidate.
Let us first consider the Regge picture in meson pair photoproduction. When discussing the application of Regge theory to meson pair photoproduction, we believe that the discussion of the preceding sec. 2 still holds true in the sense that, for instance, relations between amplitudes such as eqns. (2.16) and (2.19) should still hold. This is because of s − t duality [12, 18] .
In particular, this is because of the presence of parity-doublet degenerate trajectories. For instance, the t-channel exchange of a series of even-spin mesons leads to a Regge amplitude:
whereas the odd-spin mesons lead to:
3)
The sign inside the phase factor is called the signature. For mesons, the signature τ is given by τ = (−1) J where J is the spin. α(t) stands for the t-channel Regge trajectory, and α ′ ≈ 0.9 GeV −2 is the Regge slope. We assumed that the lowest member of the trajectory has α(t) = 1, hence the form of the Gamma-function factor. It is a natural assumption that the coupling of the two trajectories should be the same. It is, furthermore, possible to determine the sign between the two amplitudes phenomenologically. For mesons, following the argument of ref. [17] and as we shall see later, a minus sign between the two amplitudes is phenomenologically satisfactory so that the net amplitude is:
This term comes from s − t dual amplitude, i.e., diagram (a) of fig. 2 . That is to say, the s-channel 4-quark contribution, diagram (c), is small. Diagram (b) gives the s − u dual amplitude and diagram (c) gives the u − t dual amplitude. We note furthermore that diagram (c), which is the 'cat-ear' diagram in the perturbative language as opposed to the 'handbag' diagrams (a) and (b), is expected to be also suppressed in the short-distance amplitude.
If so, we have a justification for using the simple Veneziano amplitude of ref. [17] . The amplitude is now:
It can be seen that this amplitude reduces to the Regge amplitude by a simple application of the Stirling approximation:
We should note that the case of, for instance, ρ 0 ρ 0 production involves the exchange of the Pomeron in addition to the mesons (Reggeons). This may become important in spite of the small size of the Pomeron coupling, since the forward peak is broader for the Pomeron than for the Reggeons.
The above argument for the cancellation of the 'cat-ear' diagram fails for the case of baryons since the signature-doublets either do not exist or are not degenerate [20] . The two terms of the Regge amplitude must therefore be retained, and this changes the shape of the distributions. For example, this gives rise to an amplitude suppression effect for γγ → pp near threshold, as we shall see later. This point was neglected in ref. [17] .
One other point to bear in mind is that from experience [12] , Regge amplitudes are known to favour isospin conservation. One example is the similarity of the pp and pn total cross sections. This seems unintuitive from, e.g., tab. 3 which shows that the iso-vector a coupling is of the same order as the f coupling.
In the following, we consider a model in which isospin is respected by Regge/Veneziano amplitudes, whereas the perturbative amplitudes violate isospin symmetry as according to the Clebsch-Gordan coefficients presented earlier.
Meson pair production
Let us first consider the pair production of kaons. For the γγ → K + K − cross section, a W −6 γγ scaling seems to be a good approximation above 2.4 GeV. We saw the general form of the perturbative angular distribution in eqn. the parametrization does not crucially affect the fit. It then becomes more a matter of aesthetics to choose the form of the amplitude, and we choose:
M K is the K ± mass. A similar expression is adopted in ref. [9] . It can be seen that this does not strictly satisfy eqn. (3.1) since the cross section is proportional to the square of the amplitude. However, in the central region, this approximates to the c 1 = c 2 = 1 limit of eqn. (3.1). The phase is indeterminable. We make the approximation of a real and positive constant phase. This turns out to be phenomenologically insufficient so far as the angular distribution is concerned, although the general features of the integrated cross section turns out to correct. As mentioned before, this finding is puzzling.
At lower energies, as seen in ref. [17] , Veneziano model provides a way to understand the behaviour of the cross section. We use the parametrization of ref. [17] without modification.
We fit the 'perturbative' amplitude by the eye to the data at near 4 GeV. We then study the behaviour of the sum of the two amplitudes. This is shown in fig. 3 .
We see from the plot that, as mentioned earlier, the 'perturbative' curve fits the data reasonably well at above about 2.5 GeV. It may seem that it continues to work at energies lower than 2.5 GeV, but this is misleading since the angular distribution does not have the behaviour expected in eqn. (3.1). On the other hand, the Veneziano amplitude provides a semi-quantitative description of the data below about 2 GeV although the plateaus just below and above 2 GeV are not reproduced.
The sum of the two amplitudes shows striking resemblance to the real data, except below 1.5 GeV. The plateaus, hitherto having no quantitative explanation, are reproduced. In our picture, these are due to the non-trivial interference between the long-distance and short-distance contributions to the amplitude. The phase of the long-distance s − t dual contribution rotates with respect to the constant phase of the short-distance contribution. We should add that this can be seen as a theory-motivated substantiation of the experimental partial-wave analysis presented in ref. [2] which can fit the form of the distributions with small number of parameters.
However, this apparent resemblance with the data should be treated with caution. For instance, we should emphasize that the above approach suffers from a doublecounting problem. We expect that at lower energies we should consider the amplitude to be dominantly Veneziano-model-like, whereas at higher energies it should be dominantly perturbative in the central region. These two amplitudes should not be added together. This point becomes more apparent when we consider the angular distributions shown in fig. 4 . We see that the sum of the two amplitudes gives a better approximation to the angular distribution than either of the two individual amplitudes only near 2.2 GeV. Even at near this point, the agreement with the data is only marginally better than the individual amplitudes.
In the light of this, it would be tempting to say that the long-distance character of the scattering is taken over by a short-distance character at near 2.2 GeV so that at near 2.2 GeV both contributions add up with equal magnitude. For instance, we can consider the following parametrization:
where F (Q 2 ) is a perturbative form factor and is a function of the scattering energy scale which can be taken to be [21] , e.g.:
However, this argument cannot explain the appearance of the plateaus. We have tested a few possibilities for this form factor and confirmed this statement. We can introduce further degrees of freedom by modifying the perturbative and Regge form factors separately. We have tried this possibility. In our attempts, this can improve the fit of the total cross section, but the angular distributions are not better approximated.
We hence conclude that the plateaus are likely to be indeed due to the interference between the short-distance and long-distance contributions. We should say at this point that there does not exist a correct treatment dealing with both these contributions. Hence The angular distribution of γγ → K + K − , up to W γγ = 2.4 GeV. We plot dσ/d| cos θ * | in units of nb on the vertical axis against | cos θ * |. We plot the Belle data, the perturbative contribution, the Veneziano-model contribution and the sum of the two. The vertical error-bars on the Belle data are statistical only.
for now, we do not understand why this simple approach reproduces the behaviour of the total cross section but fails to describe the angular distributions. As stated before, this is perhaps related to semi-local duality.
It is interesting to see how much of the above findings are reproducible by using the Regge expression, eqn. (3.4), but (u ↔ t) symmetrized and arbitrarily normalized. The result is shown in fig. 5 . We find that the double-plateau structure is also obtained in this case, although slightly less conspicuous than when using the Veneziano amplitude. The angular distributions are similar in both cases. We conclude that, surprisingly, the presence of resonances is not essential for reproducing the broad features of the K + K − production cross section.
Let us now turn our attention to the K S K S cross section. We make two assumptions for the
section with respect to the K + K − cross section, namely:
• the perturbative amplitude is scaled by a constant factor of 1/4;
• the Veneziano amplitude remains the same.
The first implies the complete exclusion of the strange-quark contribution, and the second implies isospin-invariance of the Veneziano amplitude.
The results are shown in fig. 6 . The large ratio between K + K − and K S K S cross sections, as well as the increasing ratio between the two, is reproduced. However, the ratio increases more rapidly in the real data. The angular distribution in our calculation slowly changes from a s-channel resonancelike character, with or without a forward peak, to a perturbative character with a more slowly varying distribution satisfying eqn. (3.1). However, from our experience in the above with the K + K − cross section, we expect that the angular distribution may not be reproduced correctly.
One prediction that can nevertheless be made is that at least in some region of W γγ , there should be a forward peak in the angular distribution that is steeper than the perturbative result. The confirmation, or exclusion, of this statement should shed more light into the dynamics of kaon pair photoproduction.
We should finally mention pion pair production. For pions, both in the analysis of sec. 2 and in the Regge/Veneziano amplitudes, isospin invariance is respected. Hence we expect:
always, so long as the small difference in the neutral and charged pion masses can be neglected.
Baryon pair production
In ref. [17] , we found that for baryon-pair photoproduction, we are sufficiently above the resonance region so that Regge theory becomes more appropriate. As argued earlier, the non-degeneracy of the even-and odd-signature trajectories imply that we must include the signature factor. We write down the Regge amplitude as [20] :
τ is the signature. Trajectories with spin 1/2, 5/2, 9/2 . . . have positive or even signature τ = 1, whereas trajectories with spin 3/2, 7/2, 11/2 . . . have negative or odd signature τ = −1. α ′ is taken to be 0.9 GeV −2 , as before. From ref. [20] , the leading S = 0 trajectories, the N/∆ trajectories, have the following parameterizations: In principle, we should include all four contributions. In practice, however, we found phenomenologically that the inclusion of just one trajectory, the N β trajectory, is sufficient.
The perturbative contribution is written as:
We calculate the perturbative amplitude, the Regge amplitude, and the sum of the two. As before, we assume a real, positive, constant phase between the two contributions. We first fix the normalization of the perturbative contribution by fitting by the eye with the data at W γγ near 4 GeV. We then adjust the Regge contribution so that the sum of the two terms reproduces the total cross section. The result is shown in fig. 7 . There is good agreement with the data, except at the region just above the threshold. Even this region shows improvement compared with our previous calculation in ref. [17] , where the signature term was neglected.
We should mention that by further modification of the signature term by the artificial substitution τ → −i, we were able to obtain the fall-off near threshold seen in the real data. This is possibly implying that the inclusion of the other trajectories and/or resonances with appropriate strengths may change the threshold behaviour. In fig. 7 , the quark-counting rule yields a curve that is significantly suppressed at lower energies. It becomes dominant at higher energies. The region in between has both contributions, but since the Regge contribution is more forward, the phase space regions that the two contributions populate tend to be separate. Hence our lack of knowledge about the interference term should be less crucial in this case than in the γγ → KK case previously considered.
The angular distributions are shown in fig. 8 , where they are compared against the experimental results taken from ref. [1] . The angular distributions indeed show good agreement with the overall trend seen in the experiment.
Having achieved this level of agreement, it becomes desirable to be able to extend our results to the case of other baryons, for instance Λ and Σ 0 [22, 23] . However, this is a significantly difficult problem, since there is no good method available for estimating Regge couplings [12] . On the other hand, we expect that for all baryons, the Regge contributions dominate over the perturbative contribution, since the Regge contribution is expected to be more insensitive to the type of the baryon, whereas the perturbative contribution, from tab. 4, is expected to be always smaller than the proton pair case.
As noted in ref. [17] , just above the threshold region, we expect invariance under u ↔ d, as opposed to the d ↔ s symmetry that follows from the more perturbative approaches . [9, 24] . This implies, in the s-channel picture, the suppression of isovector a component. Hence Σ 0 Λ production would be suppressed. The perturbative contribution to each baryon pair can be estimated from tab. 4, but this is, as seen in the above results, small.
The more central region, or the higher-energy region, is expected to have a more perturbative character and so the argument of sec. 2 can be applied.
Conclusions
We studied exclusive hadron pair photo-production processes in low-energy photon-photon collision.
Motivated by the experimental observation of the unexpectedly large suppression of the ratio K S K S /K + K − , we looked into the SU (3) structure of the couplings involved in these processes, adopting an s-channel picture.
We presented the calculations both for the nonet mesons and for the octet baryons. In this picture, the difference between K S K S and K + K − cross sections is due to the simultaneous presence of f /f ′ and a in the s-channel. The ratio is further enhanced when the f ′ contribution is suppressed. We argued that it could be as large as 32.
The ratio applies predominantly to the part of the amplitude whose main scattering dynamics occurs in a relatively short time and can therefore be considered to be 'perturbative'.
The long-distance Regge-like dynamics, from experience, tends to respect isospin invariance.
We then presented a dynamical picture of hadron pair photo-production, based on the simple summation of the Regge-like and perturbation-theory-like amplitudes, without correcting for the double-counting.
For γγ → K + K − , the long-distance dynamics was simulated using the Veneziano model. The summation of this and a simple 'perturbative' amplitude resulted in a curve for the total cross section that is in semi-quantitative agreement with the experimental data. On the other hand, the angular distribution is not well reproduced in this approach.
However, the γγ → pp process, adopting a Regge amplitude for the long-distance dynamics and a simple form of 'perturbative' amplitude, gives rise to a distribution that not only fits the total cross section well but reproduces the main features of the angular distribution.
Our conclusions are the following. For some meson-pair production events, the shortdistance and long-distance contributions can become equally important. The non-trivial interference between the two then gives rise to the complicated structure observed in the total cross section. Since we do not have a consistent framework dealing with both shortdistance and long-distance contributions, our description of the data is still unsatisfactory.
On the other hand, the short-distance contribution is more suppressed for baryon-pair production, and a Regge-theory based approach works well up to well above the threshold. Even then, the simple summation of the Regge amplitude and a perturbative amplitude gives, in our opinion, satisfactory semi-quantitative description of the data.
We should finally state that the complete understanding of photoproduction is still a difficult problem. For instance, it has been known that the process γp → ρ 0 p in the forward region has satisfactory description based on Regge theory but not in the backward region, whereas γp → π 0 p does not [12] .
The results obtained in this work are nevertheless illuminating in the sense that they suggest a possible direction for the resolution of the phenomenological problems surrounding a particular aspect of hadron-pair photoproduction, namely the nature of the dynamics taking place in the central region.
